Heterochromatin is a higher order assembly that is characterized by a genome-wide distribution, gene-repression, durability and potential to spread. In this light, it is an appealing mechanism to interpret the neurobiology of complex brain disorders such as schizophrenia where downregulation of expression appears to be the norm. H3K9 methylation (H3K9me) can initiate the seeding of a heterochromatin assembly on an inactive or poorly coordinated promoter as a consequence of a decline in transactivators either from disuse or from misuse. H3K9me can extend its influence by spatial spreading through the mechanism of recursively recruiting adapters, such as heterochromatin protein 1 (HP1) homodimers. HP1 itself serves as a platform for other repressive proteins such as DNA methyltransferases. In full color, heterochromatin can occupy genome-wide gene networks, tissue specific ontologies and even rearrange the nuclear architecture. Heterochromatin in the brain is modified by small molecule pharmacology and serves a physiological role in the functioning of dopamine neurons and the construction of memory. From a therapeutic perspective, the durable nature of heterochromatin implies that it may require disassembly before the full genomic-potential of standard pharmacotherapies is achieved, especially in treatment resistant patients.
Introduction
Heterochromatin describes regions along the chromosome where DNA is tightly and restrictively packaged with histone and non-histone proteins. Tightly packed DNA (in the region of a promoter) is inaccessible to the free assembly and disassembly of transcriptional proteins, and consequently is less likely to be regulated or transcribed. It is our thesis that facultative heterochromatin may serve as an incubator of pathology by repressing genome-wide gene networks. This outcome is a likely consequence of disease chronicity and misuse/disuse, resulting in a dearth of coordinated transcriptional activators (transactivators). Under these circumstances, the accumulation of repressive modifications may be favored for the reasons elaborated upon, resulting in a seeding, spread and encroachment by restrictive heterochromatin of previously 'healthy' chromosomal territory.
The process of heterochromatinization has been most thoroughly examined in non-neuronal tissue, but the key molecules involved are all expressed in the brain, suggesting neuronal function. The series of events leading to heterochromatin deposition on a promoter or DNA sequence likely depends on the biochemical context, but involves wellcharacterized proteins and pathways. Initiation can begin with a decline of stimulatory signals and transactivators. 1 This is followed by repressive histone modifications mediated primarily by histone methyltransferases (HMTs), such as G9a and GLP (see below). Methylated histones in turn serve as high-affinity ligands for the attachment of adapter proteins such as heterochromatin protein 1 (HP1). At this approximate point, the chromatin-protein assembly is restrictive enough to insulate the underlying promoter from fluctuations in levels of transactivators, but still susceptible to disassembly or dissolution. Either in tandem or even in parallel, the introduction of DNA methylation onto the underlying promoter sequence is now necessary, even sufficient, to hermetically seal the gene promoter. The recruitment of DNA methyltransferases can be accomplished through specific non-catalytic domains on either the HMT or the HP1 proteins. 2 The finished product is a highly restrictive, highly durable, chromatin assembly. Heterochromatin deposition can be induced by acute stimuli, can be inhibited by enzyme antagonism, and can be demonstrated on a single-gene promoter in primary non-dividing cells or even in euchromatic regions of the genome. 3, 4 The entire scheme can be rapid and activated within 1 h and has the potential to spread. These are all properties relevant towards a role in the post-mitotic neuron.
H3K9 methylation (H3K9me) 2/3 synthesis and turnover
Heterochromatin is characterized by a hallmark histone signature: methylation of lysine at position 9 along the histone 3 tail. Lysine can be modified to a mono-(H3K9me1), di-(H3K9me2) or tri-methylated state (H3K9me3). H3K9me2 is of particular interest as it was originally found to associate with either 'euchromatin' or 'facultative chromatin' (Figure 1) . 5 Unlike H3K9me3, which is primarily located to gene-poor regions of repetitive DNA, H3K9me2 can locate to gene rich areas of the genome. 6 Moreover, H3K9me2 is associated quite directly with gene repression, 7 and the difference between a gene that is completely shut down (hermetically closed) versus the same gene in a 'leaky transcription' state is often the intensity of H3K9me2 levels on the promoter. 3 HMTs are families of target-specific enzymes, which can distinguish between these mono, di-, or tri-methyl states. In particular, G9a and GLP are the two HMTs dedicated towards the formation of H3K9me2, and function as a dimer; either cannot compensate for the function of the other. 8 Consequently, the G9a-GLP dimer is the singleprotein 'entity' responsible for the bulk of H3K9me2 across the genome. Both G9a and GLP have an ANK domain independent of the catalytic domain. The ANK domain can attach recursively to H3K9me2 as well as recruit DNA methyltransferases (Dnmt3a or Dnmt3b) to the targeted site, inducing de-novo DNA methylation. This results in multiple layers of restrictive modifications, that is, H3K9me2 and DNA methylation, 2 which in Figure 1 Euchromatin and heterochromatin. (a) Acetylated lysine 9 of histone 3 (H3K9acetyl) results in an open configuration of chromatin otherwise known as 'euchromatin'. Dimethylated H3K9 (H3K9me2) is synthesized by histone methyltransferases (HMT such as G9a, GLP and SETDB1) and initiates the assembly of a restrictive chromatin also termed 'heterochromatin'. H3K9me2 in turn serves as a high-affinity binding site for the attachment of the platform protein heterochromatin protein 1 (HP1). 45 HP1 collapses the nucleosome assembly and further recruits other transcriptionally restrictive proteins to this site. 46 The spatial spread of heterochromatin is a result of HP1 dimerization between nucleosomes. 47 (b) The spread of heterochromatin can be contiguous as in (c) or can assemble non-contiguously (in trans, orange versus blue colored strands) and relocate to a region of the nucleus that is restrictive to transcription. Facultative heterochromatin is an intermediate stage of restriction that retains the 'faculty' for promoter activity. Constitutive heterochromatin is the extreme restrictive state along this continuum; beyond a point, histone deacetylase (HDAC) inhibition may be therapeutically ineffective.
combination greatly resist any reprogramming of the repressed gene. 1 Histone lysine-methylation is a particularly durable modification with a slow turnover (compared with histone lysine-acetylation or serine-phosphorylation), and was previously believed to be irreversible. 9 In dividing cells, the halfmaximal turnover rate of H3K9me2/3 is about 24 h, a period almost identical to the turnover of the bulk parent histone. 10 These data suggest that in the absence of active catalytic demethylation by demethylases, H3K9me can persist for the lifespan of the cell. Equivalent parameters in postmitotic neurons can be assumed to be at least of the same order of magnitude, but most likely longer, given the minimal requirement for newly synthesized histones. By comparison, turnover of histone acetylation is in the order of minutes. 11, 12 For context, CpG methylation of DNA in postmitotic neurons can survive for the lifespan of the animal.
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H3K9 can also be acetylated: the switch
The H3K9 residue is a target for both acetylation and methylation; diametrically opposed functional groups as far as open (acetylation) or closed (methylation) chromatin is concerned. Acetylated H3K9 (H3K9acetyl) strongly promotes transcriptional activity, whereas methylated H3K9 (H3K9me2/3) strongly promotes transcriptional repression. These properties designate H3K9 as an on/off switch.
A competition between these two modifications (H3K9-acetylation and H3K9-methylation), is suggested by a twofold coordinate increase of H3K9acetyl in G9a -/-cells. 5 Conversely, in G9a þ / þ cells, H3K9me2 is engaged in promoter repression, causing the potent histone deacetylase (HDAC) inhibitor TSA to be less effective in increasing H3K9 acetylation. 5, 14 One explanation is that the G9a enzyme binds its own product and protects it from further methylation (H3K9me2 to H3K9me3, which has different functional properties; 15 Collins and Cheng, 2010), but in so doing may insulate the modification from the action of histone acetyltransferases (HATs) and HDACs. In principle, H3K9me2 may be resistant to treatment with HDAC inhibitors.
Acetylation is a comparatively thermo-dynamically ephemeral modification because of the presence of a keto group leading to greater macromolecular degradation, and enzymatically because of its high turnover rate (compared with the durability of the methyl modification noted above). Furthermore, histones in the proximity of actively transcribed genes undergo rapid acetylation/deacetylation of their tails and the t 1/2 to equilibrium is in the order of minutes. 12, 16 In the absence of transcription factors, the basal acetylation state is maintained by ambient HATs and HDACs, of which the HDACs are more efficient, possibly owing to free access to the acetylated mobile histone tail. 12, 17 Given this hypoacetylated state of a quiescent promoter, the equilibrium at the H3K9 switch could shift towards methylation and the seeding of a heterochromatin process as detailed below.
HP1: spread and segregation
Heterochromatin has a propensity to spread from an initial site of nucleation such as a single promoter or even a single allele 3, 18 to stretch across an entire chromosome (as in the Barr body). This spread can occur in either cis or trans, that is, a location on one chromosome to another location on a separate chromosome.
HP1 attachment to H3K9me2/3 is one mechanism for propagating the spread of heterochromatin. This phenomenon is based on its chromo-shadow domain capable of homomeric multimerization. 19 HP1 is a family of proteins (HP1a, HP1b and HP1g) first discovered as constituents of heterochromatin in Drosophila where they have a role in gene silencing. The N-terminus chromodomain of the HP1 protein is hydrophobic and has a high-affinity attraction to the methylated lysine residue of H3K9me2/3.
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The C-terminus of the HP1 protein contains the chromoshadow domain noted above, which is capable of homodimerization with a neighboring HP1. 21 The simultaneous attachment of an HP1 protein at the N-terminus with an H3K9me2 histone and dimerization at the C-terminus with another HP1 protein from a neighboring nucleosome, is the basis for higher order assembly. Dimerization in-cis, (along the chromosome) could spread the heterochromatin assembly contiguously (cis-heterochromatin; 'chromatin creep'). Possibly as a consequence of this propagation, H3K9me2 modified heterochromatin occurs in extensive contiguous regions called LOCKs, extending from 100 kb to 4.9 mb. 7, 22 When a tissue specific region is thus occupied, the silencing of genes tends to occur within a functional and coordinated gene cluster, such as the expression of lipase genes in the liver, but not in the brain. 7 These propagating characteristics not withstanding, HP1 attachment (similar to the H3K9me2 modification) can be limited to and not extend beyond the bounds of a single regulated (repressed) promoter, and thus be capable of geographical precision. 3, 23 The binding of HP1 to H3K9me2/3 is not always static or fixed, as might be anticipated from the common notion of heterochromatin as a resistant assembly, but is capable of disassembly and remains in dynamic equilibrium with unbound HP1 protein. 24 HP1 disassembly kinetics are faster in euchromatic versus constitutive-heterochromatic regions along the chromosome, possibly because of the greater thermodynamic stability of the H3K9me3-HP1 complex (seen in constitutive-heterochromatin) versus the H3K9me2-HP1 complex (seen in euchromatin). 20, 24 Nascent heterochromatin regions containing HP1 can be physically relocated and segregated for optimum repression in chromatin microenvironments that are tethered to the nuclear periphery by interactions between HP1 and the Lamin B receptor (Figure 1) . 18, 25, 26 Heterochromatin regions thus tethered are called lamina associated domains and are uniquely enriched with H3K9me2, HP1 and other repressive proteins such as HDACs. 22 Dimerization of HP1 in-trans (across chromosomes) could physically relocate a cluster of H3K9me2 occupied promoters to the nuclear lamina for aggregated repression (trans-heterochromatin ( Figure  1) . 18, 23, 27, 28 Heterochromatin interactions with the nuclear lamina have been noted in postmitotic cells. 29 This genome-wide spread and segregation of restrictive chromatin has functional implications if considered as a constraint on plasticity or reactivity. Highly restricted genomes may have fixed simplified and invariant transcriptional routines. In this framework, it is noteworthy that in the liver, 46% of the genome is occupied by H3K9me2/3 modifications, while in comparison, only 4% of the embryonic stem cell and 10% of the adult neuron is similarly occupied. This would suggest that the neuron is more similar to the embryonic stem cell by retaining a relatively unrestricted genome. 7 Enhanced genomic plasticity as a consequence of lower H3K9me2/3 is demonstrated in nuclear transfer experiments into recipient single-cell embryos; gene expression in the subsequent fetus is enhanced if the transplanted nuclei contains low levels of methylated H3K9; 30 in other words nuclei containing low levels of H3Kme2/3 are easier to reprogram.
H3K9me2/3 and heterochromatin in the brain
In 2009, we reported abnormally high levels of H3K9me2 in histone extracts from peripheral blood mononuclear cells obtained from patients with schizophrenia. 31 Interestingly, this modification was resistant in peripheral blood mononuclear cell culture to treatment with HDAC inhibitors, echoing the weak chromatin response to HDAC inhibitors in schizophrenia, 32 and alluding to the 'TSA resistance' in H3K9me histone species. 12 H3K9me2 has not been extensively studied in the human brain, and until recently, the regulation of either G9a or GLP was not known.
The distribution and architecture of H3K9me2 is described by two genome-wide investigations conducted in fibroblasts and neurons. Both studies find significant enrichments with H3K9me2 across continuous chromosomal stretches (called LOCKs, noted above). 7, 22 Together these studies inform us that H3K9me2 enriched domains (LOCKs) are restrictive to transcription, are the function of the G9a HMT, contain fewer genes (about 35% of the non-restricted genome), and appear to be tethered to the periphery of the nucleus by attachment to the nuclear lamina. The pattern of restriction is genome-wide and distributed along tissue specific ontologies and networks; thus, LOCKs within the brain will suppress liver ontologies, and vice versa. 7 For example, receptor coupled G-protein signaling is suppressed in the liver, whereas unspecified carboxylesterase activity is suppressed in the brain. The brain distribution of H3K9me3 is the subject of another genome-wide investigation on the effects of cocaine. 33 As expected, H3K9me3 is enriched in areas of repetitive DNA (centromeres, pericentromeres and gene deserts), and is capable of suppressing retrotransoposon activity. But additionally and noteworthy from a therapeutic perspective, H3K9me3 can be modified by pharmacological inputs, such as acute and chronic cocaine use.
The physiology of H3K9me2 in the brain has been examined by engineering a cre-mediated conditional knockout of both G9a and GLP genes in adult forebrain neurons. Knockout mice manifest significant loss of H3K9me2 levels (but not H3K9me3) specifically in euchromatic (gene rich) regions of the neuronal genome. 34 Adult mice possessing G9a and GLP conditional deletions in postnatal cortical neurons do not show changes in morphology, survival or cell-specific electrophysiology 34 but can be distinguished by significant behavioral deficits such as reduction in exploratory behaviors and contextual/ cued fear conditioning. If G9a/GLP knockout is engineered specifically in dopaminergic spiny neurons expressing either D1 or D2 receptors, then behavioral responses dependent on these neuronal cell types are also significantly changed. When compared with wild-type, stimulation of D1 neuronal activity by a D1 agonist (SKF 81297) in a G9a/GLP knockout mouse results in a blunted locomotor response, whereas depression of D2 neuronal activity using caffeine results in an amplified response. 34 Curiously, these G9a/GLP knockouts manifest a derepression of early developmental genes in fully mature postmitotic neurons. 34 Comparable effects are observed in pluripotent cells where inhibition of G9a by a small molecule antagonist (BIX-01294) will reprogram and derepress the expression of developmentally silenced genes. 35 The interactions of H3K9me2 and dopamine signaling in neurons is independently demonstrated by 36 Maze et al., 2010 who show that G9a can be induced by acute cocaine administration (1 h), but is decreased after chronic cocaine administration. Changes in H3K9me2 by cocaine are commensurate with its effects on G9a/GLP. The effect of cocaine on G9a/GLP is mediated by the immediate early gene DFosB in the nucleus accumbens; a reduction in DFosB by a variety of genetic techniques will cause a reduction in G9a/GLP and H3K9me2. Furthermore, Although dopamine mimetics such as cocaine can reduce DFosB and consequently H3K9me2, dopamine antagonists, such as typical and atypical antipsychotics, can induce DFosB expression in areas known to have dopamine projections. 37 Genetic manipulations of G9a in rodents can modify behavioral responses to cocaine implicating H3K9me2 in a behavioral phenotype. In summary, this series of investigations suggest that dopamine-mimetics will reduce the propensity for H3K9me2 formation, and conversely a reduction in brain H3K9me2 will alter behavioral response to an environmental input such as cocaine. A role for H3K9me2 in the creation of memory is reported by 38 Gupta et al., 2010, where global levels of H3K9me2 in the hippocampus are increased when an animal undergoes context and context-fear conditioning. If an HDAC inhibitor is given with context-fear conditioning, then the increase in H3K9me2 is significantly impaired, indicating that actively working promoters may be resistant to H3K9me2 deposition. On the other hand, chronic defeat stress with or without chronic imipramine treatment had no effect on H3K9me2 formation in the hippocampus even when administered for 4 weeks. 39 
Small molecule pharmacology
A small molecule antagonist (BIX-01294) of both G9a and GLP has been identified with an IC50 in the range of 1.9 mM and 0.7 mM, respectively. 40 The decrease in levels of the H3K9me2 with pharmacological inhibition of G9a/GLP is associated with only modest upregulation of genes, but appears to facilitate the reprogramming of the genome and cell, such as after retinoic acid treatment. 5, 41 Modifications of the BIX backbone have produced additional antagonists, such as UNC0321, with picomolar potency. 42 Another small molecular approach to the modification of the H3K9me status includes the recruitment by unliganded nuclear hormone receptors, occupying their cognate-binding sites along promoters of G9a/GLP. When ligand binding occurs, by either E2 or DHT, of the respective estrogen/ androgen receptor, then the ligand-bound nuclear receptor in turn recruits histone demethylases, such as the Lsd1 or Jmjd1/2 family, which removes the repressive H3K9me mark and facilitates transcription. 43, 44 Consequently, targeted chromatin remodeling using ligand hormone receptors is a theoretical possibility. 13 Heterochromatin and promoter disuse, misuse and chronic illness: a shift in the acetylation/methylation dynamic As reviewed here, the heterochromatin process has the capacity to repress gene activity by several mechanisms (occlude a cognate binding sequence or relocate the promoter to a repressive environment at the nucleus lamina), has the tendency to propagate spatially, is durable and may be resistant to HDAC inhibitors, and in its most aggressive form, can hermetically seal the promoter disallowing any opportunity for regulation. Heterochromatin characterized by the H3K9me2 modification, tends to occupy gene clusters, and represses genome-wide tissue specific ontologies/networks. The coordination of this genome-wide repression is not known, but could result from reduced availability of transcription factors for downstream nodes in a gene network.
In chronic illness, irregular transcription factor cascades could emerge as a consequence of broad psychological, cognitive or neurological restrictions and limitations. Poorly coordinated (sputtering) promoter activity is a likely result of declining transcription factors and is manifested in the commonly reported downregulation of schizophrenia candidate genes. A broad decline in transcription factors could initiate a heterochromatin process not only at the site of the original set of promoters, but across all nodes of a genome-wide promoter network. Over time, this could foster the assembly of heterochromatin in widespread and disparate regions of the genome.
Therapeutic reversal of this repressive process would require interventions that could reduce or restrict the spread of heterochromatin, thereby allowing the genome to more appropriately respond to incoming stimuli, such as dopamine or serotonin signaling from the synapse (Figure 2) . Furthermore, differences in network occupancy could be the focus of pathophysiological investigations attempting to distinguish diseased from normal brain.
Summary
Heterochromatin is a repressive and genome-wide chromatin structure that starts with a single catalytic event, that is, H3K9 methylation, which progresses to a local protein assembly, followed by a genome-wide spread along gene networks. In full color, heterochromatin is capable of rearranging the nuclear architecture by chromosomal relocations. Our formulation leads to testable hypotheses ( Figure 2 ). Is there a tendency for 'chromatin creep' that is, the seeding and spread of heterochromatin assemblies across the genome, thereby insulating gene rich areas from surface signals, such as dopamine antagonism? Are these changes a consequence of chronicity, drugs of abuse, or long-term antipsychotic treatment? Can we release these territories with small molecular pharmacology directed at Figure 2 Hypothetical chromosomal dimethylated lysine 9 of histone 3 (H3K9 methylation 2 (H3K9me2)) and treatment response. (a) The 'red' chromosome represents treatment resistant schizophrenia patient chromatin in which 'chromatin creep', that is, the seeding and spread of heterochromatin assemblies across the chromosome, is represented by the color-coded spots of variable sizes. Heterochromatin insulates gene rich areas from surface signals that originate at the neuronal membrane or as part of synaptic activity, where most psychotropic agents target. By contrast, the chromosome of a treatment responsive patient (blue chromosome) has less extent and intensity of this restrictive chromatin mark. This allows greater availability to signals originating at the cell membrane, such as receptor blockade or ionchannel activity capable of altering gene expression. (b) Reduced mRNA expression along regions of increased H3K9me2 occupancy is shown when comparing responder to non-responder. The x axis depicts mRNA expression along contiguous sections of the chromosome, moving through regions of heterochromatin. In the case of the non-responder (red graph), the mRNA expression is reduced in regions of heterochromatin, while in the responder (blue graph), mRNA expression is increased in regions lacking heterochromatin.
the lysine methyl modification, such as inhibitors of G9a or GLP, with or without adjunctive HDAC inhibition?
